THE CONTRACTS
On the approach of World War II the Government took steps to avoid a mistake made in World War I when little use had been made of the scientific and technical expertise available in the country until some time after the war had started. Shortly after the 'Munich' crisis of September 1938 it was decided to set up a Central Register 1 of those with 'professional, scientific, technical or higher administrative qualifications'. At the outbreak of the war in September 1939 the Government was therefore able to call on the services of university departments to help in solving the problems of what was clearly going to be an increasingly technical war. In Oxford the most important of the research programmes that evolved from this approach was that which led to the development of penicillin 2 in the School of Pathology, with the collaboration of the organic chemists and the chemical crystallographers. Another notable chemical achievement was the synthesis in the Biochemistry Laboratory of BAL, or 'British Anti-Lewisite', 3 an antidote to the vesicant liquid known as 'lewisite'. BAL was found to have valuable pharmacological properties. The physical and inorganic chemists played only minor parts in these two programmes; their effort went primarily into the improvement of charcoal for use in service respirators.
Cyril Norman Hinshelwood 4 had been elected Dr Lee's Professor of Chemistry in 1937, in succession to Frederick Soddy, with responsibility for both physical and inorganic chemistry. Physical chemistry was based mainly in the laboratory attached to Balliol and Trinity Colleges and inorganic in the Old Chemistry Department, soon renamed the Inorganic Chemistry Laboratory, in South Parks Road; this was where he set up his office, with Miss M. E. Swinton as his secretary. A new laboratory for physical chemistry was given to the university by Lord Nuffield, and when this opened in 1941 CHARCOAL There are two ways in which a poisonous gas can be removed from the air breathed by a soldier; the gas can be absorbed into the pores of a suitable solid or it can be chemically destroyed, usually by oxidation, by passing it over a catalyst. In practice both processes can often be performed in one operation by passing the airstream through a bed of activated charcoal into which a suitable oxidizing agent or catalyst has been impregnated. The design of the bed is critical. It must have a high absorptive capacity but a low resistance to the passage of air; it must not disintegrate to a powder under service conditions nor be damaged by moisture nor by exposure to unusually high or low ambient temperatures; and any products of the chemical destruction of a gas must themselves either be harmless or be readily retained in the adsorbent bed. It was known that charcoal prepared from coconut shell met these needs but such material would not be available in Britain under wartime siege, so it was necessary to make the charcoal from coal. This had been done during World War I by Sutcliffe, Speakman & Co. Ltd, of Leigh in Lancashire, 13 and although some supplies of coconut were available on an industrial scale as late as 1941, 14 coal was the source of most of the charcoal made during World War II. It was first compressed into briquettes that were then carbonized and activated in vertical retorts. The first step required heating with steam to 600°C to remove the volatile components and the second, further heating at 850-950°C to activate the carbon; that is, to open up the pores and so to develop the internal surface by burning away a fraction of the charge with the hot steam. 13, 15 As more is burnt away, the yield of charcoal falls but its activity increases, until a maximum is reached after which further burning reduces it. The measure of activity used in Britain was the mass in grams of carbon tetrachloride taken up by 100 cm 3 of charcoal; this was called the 'Volume Activity' and abbreviated V.A. A good charcoal had a V.A. of 15-20. After activation the charcoal was broken into granules and graded before being used in the respirator.
The first efforts of the Oxford team were on a wide front. 16 The initial allocation of effort was that Hinshelwood spent one-fifth of his time on contract A, with three research students, one-tenth of his time on contract B, with B. Lambert, F. M. Brewer, J. H. Wolfenden and five students, one-tenth on contract C, with H. W. Thompson, L. E. Sutton, L. A. K. Staveley, J. W. Linnett and three students, and one-tenth on contract D, with E. J. Bowen and three students. 17 Others were on the 'pay-roll' but were apparently not specifically allocated to one of the contracts.
The earliest work was dominated by concern over the poor protection against arsine of the coconut charcoal A46 that was then used in the service respirator. Several apparently useful oxidizing catalysts were studied and it was found that coal charcoals were better bases than coconut. It was shown that hopcalite, 18 primarily a mixture of manganese dioxide and cupric oxide but sometimes also with other oxides, was an effective oxidizing catalyst for destroying hydrogen sulphide. It was useful against carbon monoxide only when dry, and all attempts to remedy this defect proved vain. It is not obvious why so much emphasis was placed on carbon monoxide in the early work. It is too light to be used as a poison gas and although it could be a problem in a confined space, such as inside a tank, it seems unlikely that it was the most pressing problem.
By the spring of 1940 charcoals sprayed with iodic acid and with manganese-copper mixtures were ready for industrial trials at Sutcliffe Speakman. 19 Such treatment of the coal charcoals brought their adsorptive capacity up to that of the coconut charcoal A46. Even this, however, had less than half the capacity of that in a captured German respirator, but the oxidizing power of the latter against hydrogen sulphide and cyanogen was inferior. 'Offensive' experiments were made to try to find out which gases or gas mixtures would penetrate the German charcoals, but without any real success. 19, 20 The superior adsorptive capacity of the German charcoal led the Respirator Sub-Committee to ask for research on improving the capacity of the service respirator but with the restrictions that any changes proposed must not delay production nor cost too much. 21 The laboratory tests on furnaces containing only a few hundred grams apparently led to charcoals with a much higher V.A., from 18 to 24, than was reached in the industrial retorts, generally then about 12-14. A conversion factor could be used to go from a laboratory test to industrial practice but this was found to have been used inconsistently, a source of some embarrassment at a later meeting between Hinshelwood, the Porton chemists and the industrialists in Rochdale. 22 However, the first reaction of the Oxford team was that the industrial process was not adjusted to the optimum activity, probably because the temperature was not uniform throughout the retort. 21, 23 The reaction of steam with carbon to produce either carbon monoxide or carbon dioxide is endothermic and so produces local cooling. One possible remedy that was considered was to mix air with the steam so that the exothermic reaction of carbon with oxygen and the buffering action of the nitrogen made the overall reaction close to thermal neutrality. This produced no improvement in laboratory trials, nor was there any useful effect of adding nitrous fumes, presumably a suggestion from Hinshelwood because he and Danby knew of the catalytic effect of nitrous oxide on the reaction of hydrogen and oxygen. 23 Wolfenden discussed these problems with Freddie Howard, the chief chemist at Sutcliffe Speakman, on a visit to the company at the end of December 1940, and submitted a set of suggestions to Edgar Sutcliffe, the Managing Director, in January. 24 In reply, Sutcliffe made the point that 'the Authorities' had wanted large quantities of charcoal and the quality had been of less importance. The position might change soon and a higher quality might be required. 25 The outcome was a more formal paper from Oxford that Hinshelwood sent to L. T. D. Williams at the Ministry on 2 June 1941, entitled 'The relevance of the laboratory results to industrial practice'. In this it was suggested that the manufacturers should be asked to introduce pyrometers into the retorts, to see that the temperature was even and optimal, that they should ensure that the flow through the retorts was uniform both in space and in time, and that the briquettes were either of uniform size or that they were graded so that different sizes could be treated in different retorts. 26 Four manufacturers, of whom Sutcliffe Speakman was the largest, saw the recommendations and agreed that they were generally acceptable as a guide to best practice but were not always possible to put into effect in existing plant. Sutcliffe came forward with the idea that more uniform heating might be achieved by recirculating some of the gas used to heat the charge, an idea that Hinshelwood commended and studied in more detail in Oxford. Recirculation was tried out with good results at Sutcliffe Speakman's plant at Fern Mill in Oldham, an old cotton mill that they had leased from the Ministry. It seems that Sutcliffe was always on the lookout for methods of improving the plant, which were then at once tried out on a full scale, sometimes with disruption to the output. Two years later, J. Davidson Pratt, Controller of Chemical Defence (Development), circulated a memorandum saying that such practice must stop. 27 One company differed from the others. British Carbo-Norit was a subsidiary of a Dutch company whose plant at West Thurrock had been set up before the war on the instructions and with the advice of the parent company, with which the British subsidiary now had no contact. A director of the British company, Hugh Griffiths, explained that they used a different process, which he was insistent must not be publicly disclosed. On 25 June 1941 Hinshelwood, Bowen, Wolfenden and L. B. Turner from the Ministry visited the Carbo-Norit plant, where Hinshelwood was impressed by Griffiths's command of the underlying science and by the way that the plant was run. Unfortunately Griffiths thought that one of the later Oxford reports gave away information that could have come only from this visit and made a formal complaint to the Ministry that reached Sir William Palmer, the Second Secretary. Griffiths said that Hinshelwood had thought some aspects of their process, particularly the addition of air to the activating steam, were 'revolutionary' and that an Oxford report had improperly disclosed these aspects. The Ministry said it would make no use of anything they had learnt on the visit and that nothing that Hinshelwood had suggested was not already known to other companies. E. E. Haddon told Hinshelwood that a formal letter had gone to Griffiths that should ensure that 'we are not troubled by this sort of thing from them again'. 28 The main achievements of the early work at Oxford were some improvement, by impregnation with salts, in the oxidizing power of coal charcoals against those gases that could not be dealt with by adsorption, improvements in the manufacture of hopcalites, and a realization that if a tighter control were feasible on an industrial scale, then coal charcoals could match nutshell charcoals in their volume activities. The coal used was a blend of a South Wales semi-anthracite, Nixon, and a coking coal from Lancashire, Ashton-Roger. In wartime it was not always easy to get the South Wales coal to Sutcliffe Speakman's plant at Rochdale and so much effort went into finding alternatives that would generate acceptable charcoal. These were supplied by the Fuel Research Station at Greenwich and tested at Porton and in Oxford. It proved difficult to find anything as good as the original blend. 29 In January 1941 the Oxford team produced an analysis of the adsorption of gases by a columnar bed and tested it against the results of their laboratory experiments. This was the first of the 'academic' fruits of the programme. 30 
AMERICAN INVOLVEMENT
An important meeting was held in the offices of the Ministry of Supply on 30 July 1941. 14 Hinshelwood and his colleague Sir Robert Robinson FRS (PRS 1945-50) , the Waynflete Professor of Chemistry, met a group of civil servants headed by Davidson Pratt. The meeting ranged over many facets of Hinshelwood's programme and it is interesting to see that it was Robinson, an organic chemist, who was most doubtful of the accuracy of going straight from laboratory experiments to industrial practice, whereas Hinshelwood was confident that it could be done with proper scaling factors. The main business seems to have been an announcement from the Ministry that it was reviewing its long-term extramural research contracts, with the likely outcome of 'many being transferred to the United States' and the Oxford team's being asked to concentrate on short-range problems. This cannot have pleased Hinshelwood, but one body of men was clearly satisfied; the Treasury wrote to the Ministry congratulating them on reducing costs. 31 This meeting took place four months before the attack on Pearl Harbor brought America into the war. It was not the first attempt to exploit the perception of many American scientists that war was inevitable and to make use of the greater manufacturing potential of a country not exposed to nightly bombing. In the previous autumn there had been the 'Tizard Mission' to Washington, when J. D. Cockroft FRS and E. G. Bowen (FRS 1975) had accompanied Sir Henry Tizard FRS and three serving officers in taking to the USA a box full of British secrets, of which the cavity magnetron for 10-centimetre radar was the most important. 32 Some cutting back of the effort in Oxford had already occurred before the July meeting in London; there was a reduction of one-third in April, and at the end of August 'the programme was radically changed'. 34 From March, Hinshelwood and seven of his colleagues reduced their commitment to the programme from half to a third of their time; by the end of August, Hinshelwood, Thompson and Bowen were down to a quarter-time and Lambert, Sutton, Linnett and Staveley had become 'honorary'. 35 Brewer withdrew to manage the Air Raid Precautions (ARP) system in Oxford. In December Wolfenden moved to the Washington office as a Scientific Officer, and Douglas Everett 15 was promoted in his place. This led Hinshelwood to ask for Everett's salary to be raised, as 'a matter of necessity' and, at the same time, for Thompson's to be raised also, as 'a matter of prestige'. The Ministry accepted the first proposal but curtly declined the second. 36 The American programme on charcoal was under the direction of W. A. Noyes Jr, Professor of Chemistry at the University of Rochester. It is not clear when he first made contact with Hinshelwood, but it was not later than his visit to Oxford in May or June 1941. 37 No collaborative work seems to have been undertaken until the spring of the next year. Protection against arsine had been achieved with silvered coal and nut charcoals in Britain and with a 'whetlerized' coal charcoal in America. 38 With the first, the performance was better in a test with breaks in the periods of flow; with the latter, it was better with a continuous exposure. Hinshelwood commented on this difference in a note that was passed to Hovde at the American office in London on 21 March, and in May Noyes wrote to the Ministry of Supply asking whether some comparative runs could be made in Britain. The Ministry passed the request on to Hinshelwood. There seems to have been no resolution of this specific problem although Miss Brockless and Linnett had previ-ously shown that for chloropicrin the breakdown time of a short column was longer for respiratory flow than for continuous flow, whereas the reverse was true for a long column. 39 On 3 July 1942 Wolfenden visited the Pittsburgh Coke and Iron Company. 40 They had started making activated charcoal from a bituminous coal two years earlier. They used horizontal rotary furnaces and paid great attention to the control of the temperature, noting that a difference of 10°F from the optimum adversely affected the activity. In this way they obtained a product of good activity in high yield. Wolfenden thought that their results vindicated Hinshelwood's recommendations on best industrial practice made a year earlier. 26 Samples of the Pittsburgh charcoal were shipped to Britain and their high quality was confirmed; Porton were clearly impressed, although Noyes was not yet satisfied that they could produce the whetlerized charcoal on a large scale. 41 Cyanogen chloride became the subject of much discussion across the Atlantic in 1943. Hinshelwood's team had confirmed that incorporation of copper into the charcoal gave protection against hydrogen cyanide, although the activity varied with the yield of product. Staveley found that cyanogen chloride behaved in the same way as hydrogen cyanide and, because of its greater molecular mass and so greater gas density, was a more convincing candidate as a possible poison gas. It was desorbed from charcoal with alarming ease. 42 The American Chemical Warfare Service agreed that it penetrated respirators but suggested, via Kingan, that adding manganese to the copper might improve matters. They thought at first that cyanogen was too unstable to be considered as an effective gas but had entered into a contract with the American Cyanamid Corporation to solve this problem. Meanwhile Staveley had found that molybdenum prevented the desorption, and the chemists at Porton had discovered that pyridine was a useful alternative to the metallic oxides. They were told by Noyes that the Edgewood Arsenal had discovered this a few years ago but had abandoned pyridine as an impregnant because they could not suppress its odour, but Porton continued research on pyridine until 1944. 22 By the end of 1943 a clear difference of opinion had emerged. The British authorities thought that cyanogen chloride had been tamed but the Americans were now taking it more seriously; their copper-chromium charcoal with a V.A. of nearly 20 exceeded the British specification for the Mark II respirator. Hinshelwood sided with the Americans and deplored the shortrange view of British research on this topic. 43 It was possibly his reaction to this debate that led to a further substantial 'academic' report of the kind that he and his colleagues were accustomed to writing but that may not have been what the Ministry thought it was paying for. 44 
THE LATER YEARS
From the summer of 1941 the work was cut back in response to the Ministry's policy of restricting the Oxford programme to short-range problems and in line with the reduction of the fraction of their time that the staff was spending on the contract work. In September Hinshelwood reported the departure of three of the students, one to the Admiralty and two to ICI. There was a call for a Canadian Rhodes Scholar, J. Gordon Davoud, to be released for work on explosives, but this was successfully resisted. 45 Newitt approached Hinshelwood again, this time with a proposal for an extramural contract for a purpose that is not specified. 49 It was not the contract for work on the suppression of gun-flash that was signed on 1 June, on which Linnett worked, 50 but was presumably that for which Davoud was recruited by the ISRB on 1 May, although apparently he still remained in Oxford. His place on the charcoal work was taken by John Kipling. 51 Everett's recollection was that Davoud's work was devoted to the improvement of a time-delay fuse based on the rate of corrosion of a steel wire by a solution of cupric chloride. 52 In his end-of-war report, however, Newitt lists three extramural contracts that he placed while at ISRB, one with Cambridge for the study of inflammable metal-alkyl compounds, one with Imperial College for a new explosive with a high oxygen content, and one with Oxford for the 'examination of the properties of certain chemical and physical systems with a view to developing a time delay with negligible temperature coefficient'. 53 This could have included Davoud's work but seems to refer more specifically to a device that, according to Everett's notebooks, was based on the time taken for a gas under pressure to pass through a porous disc, which was under development only in March and April 1945 and so was too late to be used in the war. 54 The contract could have started with Davoud's work and then continued in collaboration with Everett, then at ISRB.
Other problems were also tackled that cannot be explored fully here. Staveley and his student John Spice studied pyrotechnic compositions from 1943 onwards, and in the same years Thompson devoted less of his time to charcoal and instead continued his prewar speciality of infrared spectroscopy with a study of the spectrum of British AntiLewisite, and with a wider-ranging study of the spectra of the fuels in the tanks of German aeroplanes shot down over Britain, from which it was possible to deduce much about the sources of the fuels. 55 In spite of the reduction of staff time the stream of reports on charcoal and related problems continued unabated; there were 31 in the numbered series in 1942, 28 in 1943 and 24 in 1944, but then only 3 in 1945 as the end of the war drew near. However, there was now less coherence in the research as the diminished Oxford team coped with a range of diverse problems. The biggest single subject was the continuing effort to find alternative sources of coal to the distant supplies from South Wales. Many combinations were tried of coals with names as entertaining as Sneyd Washed Slack, Fforchaman Breaker Duff, and Bulwell Main Bright Beans. Many of the blends were supplied by the Fuel Research Board from their station at Greenwich. Some satisfactory combinations were discovered but none that was superior to the blend of Nixon and Ashton-Roger in overall efficiency. 56 Dust was always a problem because it made it difficult to breathe through the charcoal beds in the respirators, and so some effort was put into finding ways of grinding and briquetting the coal that gave dust-free charcoals. 57 Copper had been found to be a suitable catalyst for the oxidation of arsine and hydrogen cyanide when adsorbed on coconut charcoal, and in 1942 Everett had gone to Mersey Carbons Ltd to find out the best way of incorporating the copper into the charcoal. The first experiments were performed with copper sulphate solutions, but when the process was adapted to the more widely available coal charcoal at Sutcliffe Speakman it was found that the dry incorporation of 2-3% of cupric oxide was as effective and by the summer of 1944 charcoals of high V.A. and good oxidizing power were being produced. 58 This was the last major research effort of the Oxford team on the improvement of charcoals although many minor problems were tackled in the second half of the war that do not lend themselves to easy summary.
By 1943 it was probably becoming apparent that neither side was likely to use any of the well-known poison gases. Nothing, however, was then known to the Allied Powers of the German development of entirely new nerve gases against which the existing respirators would have been largely ineffective. What might have happened if the German Command had decided to use these against the landings in Normandy in 1944 can only be a speculation. With the slackening of the work on charcoal, two further problems were added to the Oxford contracts. The first, which fell almost wholly on Danby late in 1943, was on the stability of smoke-generating powders, which were mixtures of zinc with carbon tetrachloride, ammonium chloride and a hydrated basic magnesium carbonate. If these were stored, they generated a gas that led to a build-up of pressure. Experiments at Porton had showed that the gas was probably methane. The problem was due to water incorporated in the magnesium carbonate and was solved by intensively drying this substance and by adding chromates as inhibitors of the reaction. 59 The second problem was an attempt to use activated charcoal to purify the newly discovered drug penicillin. As early as October 1941 the Wellcome Foundation had used a chemically activated charcoal from Farnell Carbons to adsorb penicillin from an aqueous mixture and then to recover the purified drug by elution with propyl alcohol. Glaxo Laboratories had used a similar procedure from December with a superior charcoal from Sutcliffe Speakman. In 1943 Brimsdown Chemical Works contributed a third charcoal, at which point Hinshelwood became involved, although it was not until the next year that any work was reported from Oxford. A further charcoal, prepared from sawdust by chemical activation, was added by Perry and Hope in Glasgow in 1944, and there may have been others that were under consideration. 60 The Oxford work was discussed at a meeting in London on 21 April 1944, chaired by Davidson Pratt and attended by Hinshelwood and Barrow from Oxford, by representatives from Wellcome, Glaxo, Farnell, Brimsdown, and Sutcliffe Speakman, and by nine civil servants. No definite problems seem to have been identified and most of the meeting was concerned with the likely tonnage of charcoal needed and the ability of the manufacturers to supply it. It was agreed to pass to Hinshelwood all the information to hand and then apparently leave it to him to decide on whether or not this formed the basis for a programme of research. 61 He must have decided that it did and assigned the work to Kipling who started with some wideranging studies of the adsorption of acetic acid and n-butylamine, a weak acid and a weak base respectively, on nut and coal charcoals. These adsorbents are small molecules and so the adsorption and elution of methylene blue were studied also as an example of a larger molecule. His five reports are an interesting study in the physical chemistry of adsorption and desorption of liquids flowing through columns but apparently made no contribution to the problem of purifying penicillin; they are not mentioned in the 1947 summary of its chemistry. 2, 62 The American process for deep fermentation was introduced into Britain by the Distillers Co. early in 1945 and led to demands for a larger tonnage of an effective charcoal, but there is no evidence that the Oxford reports had much influence in resolving this difficulty; the producers of penicillin and the manufacturers of charcoal seem to have solved the problem for themselves. 63 Sharp told Danby in March 1945 that in the early days they may have been misled about the correlation of experiments on methylene blue and penicillin by manufacturers who were reluctant to modify their processes. 64 What was achieved by Hinshelwood and his colleagues in their six years' work on charcoal? Because gas was not used in the war it is difficult to answer that question. Their early studies on a broad front led to a better understanding of the physics and chemistry of the adsorption of flowing gases on solids, and led also to some well-directed criticisms of current industrial practice. In collaboration with Porton, the arsine problem was solved. The specific results of the later work are harder to assess because they dealt only with parts of the immediate problems thrown up by the continuing testing and improvement of equipment. It is difficult to disentangle the contributions of Oxford from that of the Ministry's own research team at Porton and from the improvements to which the manufacturers were led by their experience of running the plants. Certainly the charcoal in the service respirator at the end of the war was much better than that in use at the beginning. It is equally hard to point to any major advance made by the much greater American effort on charcoal from 1941 onwards. The extramural side of this ran to some hundreds of graduate scientists, over 70 at Northwestern University alone, but the official account of this effort does not claim any noteworthy breakthrough. 65 The Americans valued Hinshelwood's contribution sufficiently highly to award him the US Medal for Freedom in 1947. He himself seemed to have thought that much of his time spent on the Chemical Defence Board and its Respirator Sub-Committee, and as Chairman of the Committee on Pyrotechnics, Initiators, Fuses and Incendiaries, was wasted, but then he was always suspicious of bureaucracy. 66 Even at the height of the war the academic staff kept their own research interests going and they returned to these when it was over. Hinshelwood had started to study the kinetics of bacterial adaptation in 1937 and it became the main focus of his work for the rest of his career. He kept a small group of students at work on the kinetics of reactions in gases and liquids until shortly before his retirement, but his heart was in the bacterial work from 1945 onwards. Bowen returned to photochemistry, Thompson to infrared spectroscopy, Linnett took up questions of molecular structure and combustion, Staveley thermodynamics, and Barrow ultraviolet spectroscopy. Linnett's work on combustion may have owed something to his studies of gun-flash, but only two of the team kept to the field that they had learnt so thoroughly during the war years. 
